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ABSTRACT 


This  report  describes  experiments  that  delineate  the  plastic  zone  of  s 
growing  fatigue  crack  and  its  relation  to  the  zone  of  a  monotonically  loaded, 
stationary  crack.  A  compilation  of  cyclic  crack  growth  measurements  is  also 
presented.  Preliminary  results  of  the  zone  studies  and  the  data  compilation 
are  examined  with  respect  to  the  mechanism  of  cyclic  growth  and  the  contri¬ 
bution  of  metallurgical  factors. 

Two  techniques,  etch  pitting  and  interferometry,  are  used  to  reveal  the 
plastic  zones  produced  by  growing  fatigue  cracks  in  Fe-3Si  Steel  (under  plane 
strain)  and  in  cold  worked  steel  (under  plane  stress),  respectively.  In  addi¬ 
tion,  a  method  of  simulating  cyclic  crack  growth  un^er  controlled  conditions  by 
cutting- in  slit3  under  load  with  intermittent  load  reversals  is  demonstrated. 
The  preliminary  results  indicate  that  the  plastic  deformation  generated  by  each 
loading  cycle  is  similar  to  the  deformation  of  the  monotonic  zone. 


The  results  provide  a  basis  for  extending  numerical  treatments  of  the  mono- 
tonically  loaded  crack  to  the  fatigue  crack  problem.  Estimates  are  made  in  this 
way  of  the  number  of  plastic  strain  cycles  experienced  by  the  material  in  front 
of  a  growing  fatigue  crack  and  also  the  crack-tip  displacement.  These  values 
together  with  the  compilation  of  crack  growth  measurements  are  examined  in  the 
light  of  two  fatigue  crack  growth  mechanisms:  (1)  irreversible  crack  blunting, 
and  (2)  Manson-Coff in  type  strain  accumulation.  This  shows  that  both  mechanisms 
can  account  for  the  value  of  the  stress  intensity  exponent,  m«  2  observed  in 
Regime  No.  1  (the  high  cycle- low  stress  portion  of  the  crack  growth  spectrum) . 

While  neither  mechanism  easily  accounts  for  the  invariance  of  crack  growth  rates 
in  Regime  No.  2,  the  existing  observations  are  more  easily  rationalized  in  terms  of 
blunting.  A  possible  explanation  for  the  greater  stress  sensitivity  and  higher 
growth  rates  in  Regime  No.  2  is  offered  in  terms  of  an  increasing  length  of  active 
crack  front. 

Both  the  theoretical  treatment  and  the  bulk  of  the  test  data  show  that  the 
resistance  to  fatigue  crack  growth  in  Regime  No.  1  is  relatively  insensitive  to 
composition  and  metallurgical  structure,  provided  environmental  effects  are  not 
involved.  In  contrast,  significant  improvements  in  fatigue  life  could  be 
achieved  simply  by  postponing  the  onset  of  Regime  No.  2,  a  feature  that  should 
depend  on  metallurgical  variables. 


This  aostract  is  subject  to  special  export  controls  and  each  transmittal  to  for¬ 
eign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  the 
Metals  and  Ceramics  Division  (MAMD) ,  Air  Force  Materials  Laboratory,  Wright- 
Patterson  Air  Force  Base,  Ohio  45433. 
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EXPERIMENTS  ON  THE  NATURE 
OF  THE  FATIGUE  CRACK  PLASTIC  ZONE 


INTRODUCTION 


Until  recently,  few  generalizations  could  be  made  about  fatigue  crack  growth. 
Although  much  of  the  data  has  been  expressed  as  a  power  relation^ :  =  A(AK)m, 

neither  of  the  curve-fitting  parameters  is,  in  general,  a  constant.  “doth  m,  and 
A  depend  on  the  stress  range,  the  material,  the  test  environment,  and  the  exact 
details  of  the  testing  procedure.  In  the  absence  of  correlations,  it  has  been 
difficult  to  identify  the  metallurgical  influences  on  the  fatigue  crack  growth 
resistance. 


Now,  with  the  accumulation  of  more  test  data,'1  ~  >}  patterns  are  beginning 
to  emerge.  The  compilation  in  Appendix  A  contains  evidence  of  two  growth- rate 
regimes  within  which  many  alloys  display  striking  similarities.  Progress  is  also 
being  made  on  the  analytical  front;  see  Rice^28'  for  a  comprehensive  review  and 
more  recent,  treatments  by  Rice  and  Johnson (2^)  f  Erdogan(-*0)  %  an(j  Liu  and  co- 
workers'22*^1'  .  These  analyses  hinge  on  the  two  mechanisms  of  crack  advance  that 
have  been  proposed:  (1)  irreversible  plastic  blunting(32-34)  and  (2)  Manson(35)_ 
Coffin(3f0-type  damage  accumulation.  They  also  depend  on  descriptions  of  the 
strain  distribution  in  the  locale  of  the  fatigue  crack^*8' »88) . 


The  experimental  work  described  in  this  report  deals  with  the  plastic  zone 
of  a  growing  fatigue  crack  and  its  relation  to  the  zone  of  a  monotonically  loaded, 
stationary  crack.  This  subject  is  virtually  unexplored  because  of  the  experimental 
difficulties,  and  only  one  set  of  measurements,  by  Liu  and  lino (22)  are  known  to 
the  authors.  The  present  study  examines  ways  of  applying  two  techniques:  etch 
pitting  end  interferometry,  to  reveal  the  plastic  zones  produced  by  fatigue  cracks 
under  plane  strain  and  plane  stress  conditions.  Preliminary  results  are  reported 
and  these  indicate  that  the  plastic  deformation  generated  by  each  loading  cycle  is 
similar  to  the  zone  of  a  stationary  crack  loaded  monotonically. 

On  this  basis,  theoretical  treatments  of  the  monotonically  loaded  crack  are 
tentatively  extended  to  the  fatigue  crack  problem.  Simplified  formulations  of 
the  plastic  blunting  and  damage  accumulation  are  obtained  in  this  way.  The 
efficiency  of  the  blunting  mechanism  and  the  number  of  plastic  strain  cycles  ex¬ 
perienced  by  material  in  front  of  the  crack  is  estimated.  This  shows  that  both 
mechanisms  can  account  for  the  value  of  the  stress  intensity  exponent,  mw  2 
observed  in  Regime  No.  1  (the  high  cycle-low  stress  portion  of  the  crack  growth 
spectrum) .  While  neither  mechanism  easily  accounts  for  the  invariance  of  cr-'.ck 
growth  rates  in  Regime  No.  1,  the  existing  observations  are  more  easily  ration- 


t  is  the  cyclic  crack  growth  rate,  AK  is  the  cyclic  stress  intensity 
variation,  A  is  a  materials  parameter  and  m  is  a  numerical  constant. 
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alized  in  terms  of  blunting.  A  possible  explanation  is  offered  for  the  higher 
m- values  and  growth  rates  of  Regime  No.  2  (the  low  cycle-high  stress  range). 
Implications  with  respect  to  the  metallurgical  origins  of  the  cyclic  crack 
growth  resistance  and  the  prospects  of  improving  it  are  discussed. 


EXPERIMENTAL  PROCEDURE 


Plane  Stress 


Plastic  zones  under  plane  stress  were  revealed  in  an  0.00175  in.  thick., 
cold  rolled,  mild  steel  foil— yield  strength:  105,000  psi  and  toughness: 

K_  *  34  ksi  V^n — whose  fracture  behavior  has  been  reported  on  before (39-40)  # 

The  behavior  of  the  foil  approximates  two  idealizations:  elastic-perfectly 
plastic  behavior  and  plane  stress  deformation.  Because  plane  stress  conditions 
are  approached,  the  deformation  within  the  plastic  zone  ahead  of  a  crack  is 
mainly  transverse  to  the  surface  and  easily  measured. 

The  foil  specimen  was  4.0"  long  by  3.9"  wide  with  a  centrally  located 
notch  0.220"  long  cut  in  by  spark  machining.  It  was  prepolished  to  give  a 
smooth  surface  and  mounted  in  a  small  tensioning  device  which  could  be  placed 
in  toe  stage  of  an  interference  microscope.  The  strain  distribution  could 
thus  be  detected  under  load  as  well  as  after  unloading.  The  specimen  was 
loaded  by  means  of  a  screw-and-lever  arrangement,  the  load  being  monitored  with 
an  electric  resistance  strain  gage  (more  detailed  descriptions  of  the  experi¬ 
mental  methods  are  given  in  References  (39)  and  (40)) .  The  fatigue  loading 
corresponds  to  cycling  between  stress- intensity  levels  of  K/ay  =  0.025-0.25>(in. 
After  varying  numbers  of  cycles,  the  loading  was  interrupted  and  interference 
patterns  of  the  strain  distribution  at  maximum  and  minimum  loads  were  made. 


Plane  Strain 


Studies  of  plastic  zones  under  plane  strain  employed  1/2  in.-thick,  Fe-3Si 
steel  plates  as  the  model  material^ .  Descriptions  of  the  material  and  the  pro¬ 
cedure  for  revealing  zones  on  the  surface  and  on  interior  sections  by  etching, 
as  well  as  the  zones  displayed  by  virgin,  stationary  cracks  in  this  steel  after 
one  cycle  load-unload  are  given  in  Reference  (41) .  Unlike  the  earlier  work, 
the  present  studies  were  conducted  with  the  DCB  (double  cantilever  beam)  speci¬ 
men  shown  in  Figure  1.  Stress  intensity  values  were  calculated  from  the  Mostovoy 
relation^)  and  checked  against  compliance  measurements.  In  an  effort  to  avoid 
cleavage,  the  tests  were  carried  out  at  100  C,  but  this  strategy  was  only 
partially  successful.  Cleavage  can  probably  be  avoided  in  future  experiments 
by  lowering  the  silicon  content.  The  tensile  properties  of  the  steel  at  100  C, 
in  Figure  2,  show  that  the  yield  stress  is  54,000  psi  at  this  temperature. 

In  the  first  experiment  fatigue  crack  growth  was  simulated  by  cutting  in 
a  sharp  slit  under  load  with  intermittent  unloading.  The  specimen  was  first 


t  Nominal  Composition  SI:  3.4%,  C:  0.027.  remainder  Fe. 


loaded  to  a  predetermined  stress  intensity  level,  —  =  0.7  Vint  in  a  horizontal 

tensile  testing  machine.  Then  the  slit  was  extended  0.0008  in.  by  spark 
machiningtt  under  load.  At  this  point,  the  specimen  was  unloaded,  and  reloaded 
to  —  =  0 .7 ^'In,  and  the  sequence  of  steps,  cutting,  unloading,  and  reloading 

50  times  in  quick  succession.  Effects  of  the  stress  tcversals  within  zone  and 
the  plastic  region  left  behind  the  growing  slit  were  discerned  by  comparisons 
with  the  zones  produced  by: 

(i)  A  virgin  slit  subjected  to  one  cycle  of  loading,  and  by 

(ii)  A  slit  cut  in  under  load  with  the  load  controlled  to  produce  a 
constant  stress  intensity  at  the  crack  tip  which  are  described 
more  fully  elsewhere.™^ 


In  the  second  type  of  experiment,  actual  fatigue  cracks  were  generated  in 
pre-slitted  DCB  specimens  and  grown  by  cycling  between  a  small  preload  and  a 
maximum  load  and  deflection  controlled  to  give  a  fixed  stress  intensity  range 
of  M  =  0.7  in .  These  experiments  were  performed  at  10  cps  in  a  standard 
°Y 

hydraulic  fatigue  testing  machine.  The  zones  associated  with  these  cracks  were 
then  revealed  by  etching. 


RESULTS 


Plane  Stress 


Figure  3  illustrates  the  condition  of  a  sample  under  load  after  the  first 
1/2  fatigue  cycle  and  the  information  derived  from  the  interferometric  fringe 
pattern  (Figure  3a yf ft.  ho  crack  growth  was  discernible  in  the  steel  foil  after 


t  K  is  the  stress  intensity,  and  cjy  is  the  yield  stress. 

tt  The  slits  were  spark  machined  with  a  0.005  in.  diameter  copper  wire  which 
produces  a  slit  ~  0.010  in.  wide  with  a  ~  0.005  in.  root  radius. 


ttt 


The  patt_  a  reflects  ‘■he  distribution  of  the  through- the- thickness  strain 
€z,  and  this  can  be  converted  into  an  isostrain  contour  map  (Figure  3b)  which 
shows  the  general  shape  of  the  zone,  the  zone  length  and  the  zone  width  at 
the  crack  (or  slit)  tip,  as  well  as  the  distribution  of  strain  within.  Since 
the  patterns  are  difficult  to  interpret  right  at  the  crack  (or  slit)  tip, 
values  attributed  to  the  crack  tip,  i.e.  at  x  =  c,  were  always  measured 
0.001  in.  from  the  tip.  The  ez-profile  at  a  particular  distance  from  the 
crack  tip  can  also  be  constructed  (Figure  3c) .  The  peak  strain  displayed 
by  the  profile  at  the  crack  tip,  x  =  c,  is  referred  to  here  as  the  crack-tip 
strain  or  €c.  The  area  within  this  profile,  i.e.,  -2^ €zdY  represents  the 
COD,  or  crack  opening  displacement.  The  fact  that  the  zones  are  necked 
largely  precludes  in- plane  strain:  €x  =  0.  This  and  the  constancy  of 
volume  give  the  result:  €y  =  -Cz  (see  Figure  4b  for  coordinates)  .  Conse¬ 
quently,  the  CCD  (the  total  Y-displacement  at  the  crack  tip  arising  from 


plastic  deformation)  is:  COD  =  =  -2  f  €zdY .  Note  that  the  zone  in 

Figure  3  represents  the  deformation  produced  by  the  first  half  of  a  single 

load-unload  cycle  involving  a  stress  intensity  range  —  =  0.3\/Tn,  the  zone 

<7y 

corresponding  to  the  first  half  of  the  cycle  employed  xn  the  fatigue  experi¬ 
ments  =  0.25  ^in  was  similar  in  character  but  about  157.  smaller. 
aY 
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Che  ten  cycles  of  loading,  but  when  the  fatiguing  was  interrupted  for  zone 
measurement  after  twenty  cycles  the  crack  had  extended  slightly  at  either  end 
(Figure  4a)  Eventually,  the  growth  rate  settled  down  to  a  roughly  constant 
value  of  2  x  10”^  in/cycle ,tt  This  rate  is  not  unlike  those  reported  for 
high  strength  structural  alloys  at  comparable  AK  -  levels.  It  also  appears 

tnat  the  initial  growth  rate  is  slightly  larger  than  during  steady- state 
growth. 

Qualitatively,  the  plastic  zone  had  the  same  long,  narrow  shape  after 
many  cycles  of  loading  as  it  did  after  the  first  cycle  before  crack  growth  was 
observed.  Both  the  zone  length  and  the  zone  width  increase  as  a  result  of 
cyclic  loading.  The  zone  length  after  one  cycle  is  within  the  range  (but 
somewhat  on  the  high  side)  of  our  previous  measurements.  During  the  first  few 
cycles  of  loading,  the  length  remains  roughly  constant  and  only  appears  to  in¬ 
crease  upon  the  onset  of  crack  growth  (Figure  4b).  During  crack  growth,  the 
length  again  remains  relatively  constant  at  a  value  ~  607.  greater  than  the 
original  value.  On  the  other  hand,  the  zone  appears  to  broaden  even  before 
crack  growth  starts.  However,  the  width  also  attains  a  saturation  value  rfiich 
is  ~  607.  greater  than  after  the  initial  cycle  (Figure  4c) . 

The  on-load  and  off-load  strain  profiles  of  the  first  fatigue  cycle, 
including  the  COD  and  €c,  appear  to  be  identical  within  the  experimental  error 
(see  Figure  5a) .  This  result  as  well  as  the  disparate  behavior  of  the  two  ends 
of  the  crack  are  puzzling.  While  the  crack  tip  strain  profile  on  the  right 
end  assumed  the  steady  state  value  prior  to  the  fifth  cycle  (Figures  5b  and 
5d),  the  profiles  on  the  left  end  appeared  to  be  unaffected  up  to  the  onset  of 
crack  extension  sometime  between  the  10th  and  20th  cycle.  More  experiments 
are  needed  to  establish  the  significance  of  these  results  t&ich  may  have  been 
affected  by  heterogeneities  in  the  foil,  asymmetry  of  loading,  and  possibly, 
same  tendency  for  the  foil  to  buckle. 

The  results  obtained  after  the  onset  of  cracking  appear  to  be  more  con¬ 
sistent.  Figures  5b  and  d  illustrate  that  a  steady  state  was  achieved  quickly. 
Steady  state  values  of  the  off-load  COD  and  €c  (which  remained  essentially 
unchanged  throughout)  were  ~  60 1  of  the  on- load  values  (see  Figure  5c  and  Table 
1) .  The  on- load  values  were  about  507.  larger  than  those  attending  crack  ex¬ 
tension  and  stable  crack  growth  during  monotonic  loading.  Both  the  larger 
zones  and  the  enhanced  ductility  may  be  connected  with  the  cyclic  softening(33) 
of  the  cold  worked  steel  foil,  an  effect  that  has  been  observed  on  other 
materials.  While  these  observations  also  lend  support  to  the  idea  that 
fatigue  crack  growth  proceeds  with  a  constant  of  critical  COD,  they  also 
suggest  that  this  COD  need  not  be  the  same  as  the  value  associated  with  the 
ordinary  crack  ext 'ms ion. 

In  the  present  experiments  the  material  directly  in  front  of  the  crack 
experienced  about  200  cycles  of  reverse  plastic  strain.t  Since  the  maximum 
strain  range  per  cycle  =2*  [€c(on-load)-ec (off-load)]  =  0.25  at  the  crack  tip 
(see  Table  1),  the  average  plastic  strain  range  over  the  entire  zone  length 

da\-^ 

■jjjj)  ,  where  p  is  the  plastic 

zone  length  and  —  the  crack  advance  per  cycle.  At  steady  state,  p  =  0.040 
da  dN  . 

in.,  and  —  =  2.10-4  in. 
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FIGURE  4.  INFLUENCE  OF  CYCLIC  LOADING,  —  =  0.225  Vin,  ON  THE  STEEL  FOIL: 
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(a)  crack  length,  (b)  plastic  zone  length,  and  (c)  plastic  zone 
width 
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FIGURE  5.  INFLUENCE  OF  CYCLIC  LOADING  ON  THE  CRACK  TIP  £  -STRAIN  PROFILES: 
(a)  and  (d)  for  left  end,  (b)  and  (c)  for  righl  end 


TABLE  1.  SUMMARY  OF 

COD  AND  CRACK-TIP 

STRAIN  VALUES 

Type  of  Cracking 

JL  /1-_l/2x 
ay  ) 

COD 

(10“4  in) 

€c 

Stable  crack  growth  under 
monotonic  loading(^O) 

0.32-0.35 

2.6 

0.24 

Fatigue  Crack  Growth 

1st  Cycle,  Load-on 

0.25 

2.0 

0.20 

1st  Cycle  ,  Load-off 

0.025 

1.7 

0.17 

20th- 100th  Cycle,  Load-on 

0.25 

3.9 

0.31 

20th-100th  Cycle,  Load-off 

0.025 

2.3 

0.185 
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is  about  1/2  this  value,  or  Aep  ~  0.1,  since  the  strain  gradient  is  nearly 
JLinear^O).  Thus,  the  total  plastic  strain  accumulation  prior  to  cracking, 
ACpn  ~  20  (85  times  the  value,  0.24,  associated  with  failure  under  monotonic 
loading) .  Such  strains  could  be  accumulated  if  the  material  in  front  of  the 
crack  in  the  steel  foil  obeys  a  Manson-Coffin-type  fatigue  damage  law^^-36) # 
Furthermore,  a  strain  range  Ac*,  ~  0.1  is  roughly  consistent  with  expectations 
for  a  life  of  ~  100  cycles  based  on  unnotched  tests  on  a  large  number  of 
materials'^*' . 


Plane  Strain 


The  plastic  zone  produced  in  the  DCB-specixnen  by  the  fatigue  simulation 
procedure  is  shown  in  Figure  6.  It  can  be  compared  with  the  zone  of  a  station¬ 
ary  slit  after  one  load-unload  cycle  reproduced  in  Figure  7  and  with  the  zone 
of  a  slit  cut-in  under  load  at  constant  K  without  intermittent  cycling  in  Figure 
8.  The  size  of  the  zone  at  the  crack  tip  is  essentially  the  same  in  all  three 
cases  (see  Table  2)t .  On  the  basis  of  the  relation  between  zone  size  and  COD 
shown  to  exist  for  simplified  elastic  plastic  modelstt,  the  CCD's  and  near  tip 
strain  distributions  should  also  be  similar.  This  ’is  in  accord  with  the  close- 
ups  of  the  etched  tip  of  the  stationary  slit  and  the  one  cut  in  at  constant- 
K.ttt  However,  when  the  slit  (or  crack)  is  subjected  to  cyclic  loading,  the 
deformation  from  a  number  of  zones  will  be  superimposed  at  the  crack  tip 
(depending  on  the  growth  per  cycle  relative  to  the  forward  extent  of  the  zone) . 
The  zone  produced  by  cutting-in  with  intermittent  unloading  (Figure  6b)  does, 
in  fact,  show  a  larger  light  etching  zone  at  the  crack  tiptft  consistent  with 
this  picture. 

The  plastic  zones  and  fracture  morphologies  of  cracks  produced  by  actual 
cyclic  growth  are  shewn  in  Figures  9-11.  It  is  apparent  from  the  pictures  of 
the  plate  midsections.  Figure  9,  that  the  cyclic  growth  process  was  accompanied 
by  some  cleavage  cracking.  The  fatigue  portions  of  the  failures  are  charac¬ 
terized  by  extensive  light-etching  regions  on  either  side  of  the  crack  reflect¬ 
ing  the  superposition  of  deformations  and  resulting  strain  accumulation,  and  by 
the  very  ragged,  irregular  crack  path  with  numerous  instances  of  branching  (see 
Figure  9c,d,g,  and  10c).  In  some  places  the  photos  show  irregularities  on  the 
crack  path  on  a  scale  approaching  the  crack  advance  per  cycle:  ~  2.10“^  in. 


t  For  convenience,  the  quantity  p ,  which  is  referred  to  as  the  zone  size  is 
defined  here  as  the  furthest  extent  of  the  etched  region  from  the  slit  on 
the  plate  midsection  measured  normal  to  the  plane  of  the  slit. 

SCTy\ 

— J  p,  where  p  is  the  zone  size,  E  is  the  elastic  modulus  and 
e  yield  stress^^.  This  relation  is  valid  at  relatively  low 
nominal  stress  levels  ct:  ct  <  0.7  Oy. 

ttt  When  the  Fe-3Si  Steel  is  strained  more  than  ~  57.,  it  no  longer  etches  dark. 
The  interface  between  the  dark  and  light  etching  region  at  the  slit  tip  can 
be  regarded  as  an  isostrain  contour  corresponding  to  about  57.. 
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FIGURE  6,  PLASTIC  ZONE  PRODUCED  BY  FATIGUE  SIMULATION  PROCEDURE  (Continued) 
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16 


FIGURE  8.  FUSTIC  ZONE  PRODUCED  IN  THE  INTERIOR  OF  SPECIMEN  3P-18  DY  THE  STABLE  GROWTH  SIMUUTION  PRO. 
CEDURE'^  (Continued; 


TABLE  2.  SUMMARY  OF  PLASTIC  ZONE  SIZE-VALUES  OBTAINED  FPOM  ETCHING  EXPERIMENTS 
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FIGURE  9  .  PLASTIC  ZONE  OF  A  MIXED  FATIGUE-CLEAVAGE  CRACK  IN  SPECIMEN  3P-24  (Continued) 
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FIGURE  9.  PLASTIC  ZONE  OF  A  MIXED  FATIGUE-CLEAVAGE  CRACK  IN  SPECIMEN  3P-24  (Continued) 


MIXED  FATIGUE-CLEAVAGE  CRACK  IN  SPECIMEN  3F-24  (Continued) 


FIGURE  9  .  PLASTIC  ZONE  OF  A  MIXED  FATIGUE-CLEAVAGE  CRACK  IN  SPECIMEN  3P-24  (Continued) 
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(a)  Plastic  zone  revealed  on  specimen  surface 

FIGURE  IQ.  PLASTIC  ZONE  OF  A  MIXED  FATIGUE-CLEAVAGE  CRACK  PRODUCED  IN  SPECIMEN  3P-25  BY  9930  CYCLES  WITH  A  STRESS 
INTENSITY  RANGE  M  a  0.7  Yin  (CLEAVAGE  PORTIONS  ARE  LABELED  C) 


FIGURE  10.  PLASTIC  ZONE  OF  A  MIXED  FATIGUE-CLEAVAGE  CRACK  IN  SPECIMEN  3P-25  (Continued) 
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FIGURE  10.  PLASTIC  ZONE  OF  A  MIXED  FATIGUE-CLEAVAGE  CRACK  IN  SPECIMEN  31-25  (Continued) 


The  crack  branches  seem  to  have  an  included  angle  ~  90°  and  are  in  all  cases  at 
least  10  x  larger  than  the  average  crack  growth  per  cycle,  a  sign  that  the 
branches  represent  not  merely  nucleation  but  many  cycles  of  growth.  The  branches 
suggest  there  are  two  alternate  and  symmetric  sites  near  the  tip  of  the  main 
fatigue  crack  for  the  cyclic  growth,  and  that  the  two  sites  occasionally  operate 
simultaneously.  Similar  observations  have  been  reported  and  are  discussed  by 
Laird (33) #  it  is  also  interesting  to  note  that  some  of  the  branches  were 
arrested  at  grain  boundaries  (see  Figure  9g) . 

Table  2  illustrates  that  the  fatigue  crack  plastic  zone  size  is  essentially 
the  same  as  that  displayed  by  the  slits  that  were  loaded  to  the  same  peak  stress 
intensity  level.  Previous  experience  shows  that  the  size  of  the  zone  attending 
a  sharp  crack  is  essentially  the  same  as  the  slit  zone-size  (when  the  extent  of 
the  zone  is  much  larger  than  the  slit-tip  radius) .  Thus,  the  result  derived 
from  actual  fatigue  cracks  and  simulation  experiment  are  the  same:  namely, 
there  does  not  seem  to  be  a  significant  difference  in  the  plastic  zone  size  of 
a  cyclically  loaded,  growing  crack  and  the  monotonically  loaded  crack  under 
plane  strain  conditions. 

Figure  11  compares  the  near-tip  strain  distributions  of  a  fatigue  zone 
with  a  monotonic  zone (^)  at  comparable  stress  levels^ .  It  can  be  seen  that 
the  light  etching  regions  of  both  the  monotonic  zone  display  small  protuberances 
directly  in  front  of  the  crack.  It  seems  likely  that  these  arc  manifestations 
of  the  intensely  strained  region  near  the  tip  of  the  crack  (see  Figure  12a) 
recently  treated  by  Rice  and  Johnson (29) ,  The  shape  of  light  etching  region 
near  the  tip  can  be  rationalized  in  terms  of  the  slip  line  field  and  the  super¬ 
position  of  the  two  symmetric  enclaves  directly  in  front  of  the  crack  as  shown 
in  Figure  12b.  The  existence  of  protuberances  in  both  zones  is  further  evidence 
that  the  basic  character  of  the  strain  distribution  is  not  altered  by  cycling. 
The  fatigue  zone  does  display  a  larger  light  etching  region  and  this  is  con¬ 
sistent  with  the  superposition  and  accumulation  of  deformation  from  successive 
cycles . 


DISCUSSION 


The  main  finding  here  is  there  are  no  striking  differences  between  fatigue 
crack  zones— those  produced  in  the  foil  and  ir.  the  Fe-3Si  plate  by  simulation 
and  actual  cracking — and  the  corresponding  monotonic  zones.  While  no  radical 
differences  were  anticipated,  the  result  is  at  odds  with  tho  expectation,  dis¬ 
cussed  by  Rice^®'  that  the  steady-state  cyclic  zone  is  1/4  the  size  of  the 
stationary  moaotonic  zone^t .  Hie  discrepancy  may  simply  be  a  consequence  of 
the  yield  stress  reduction  affected  by  cycling  (Bauschinger  effect  in  the 


The  stress  intensity  level  associated  with  the  fatigue  crack  tip  on  the 
specimen  midsection  is  less  than  the  applied  stress  intensity  level 
|4K  =  0 .7  \/in^  because  the  crack  tunneled.  The  value  quoted  in  Figure  12: 


*  Ay 

AR  ~  0.05  '/in  is  an  estimate  based  on  the  actual  size  of  zone,  and  — 

erv 

0*Y  /#  c\ 

zone  size  relation  developed  for  this  DCB-specimen  conf iguration^  1  # 
tt  For  cycling  between  zero  stress  intensity  and  a  peak  value. 
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Fe-3Si  steel  and  cyclic  softening  in  the  cold  worked  foil) .  Cyclic  stress- 
strain  measurements  for  these  materials  are  needed  to  establish  whether  the 
reductions  are  large  enough  to  account  for  the  zones. 

While  questions  remain,  the  observed  similarities  in  size,  shape  and 
strain  distribution  do  support  the  practice  of  applying  the  monotonic  function¬ 
al  relations  to  the  cyclic  growth  problem.  For  example,  previous  calculations 
and  etching  experiments  indicate  that  the  dimensions  p ,  l,  l ' ,  and  COD  under 
plane  strain  (see  Figure  12a)  can  be  approximated  by  the  following  ex¬ 
pressions  (28, 29, 41 ,4§). 


MONOTONIC  ZONE  _ CYCLIC  ZONE 


c 


where  K  is  the  stress  intensity,  Y  is  the  uniaxial  yield  stress,  E  the  elastic 
modulus,  AK  the  stress  intensity  range.  Yc  the  cyclic  yield  stress  and  COD  the 
crack  opening  displacement.  The  observation  that  p (monotonic)  p (cyclic)  for 

the  Fe-3Si  Steel  (see  Table  2)  suggests  that  Y  2YC.  As  will  be  discussed 
later,  this  is  only  likely  to  be  true  in  the  lightly  strained  region  that  con¬ 
trols  the  outward  reach  of  the  plastic  enclave,  and  not  in  the  heavily  deformed 
region  that  affects  the  value  of  l’  and  COD.  The  number  of  cycles  of  plastic 
straining  experienced  by  material  in  front  of  the  crack  is: 


0 .03AK2 

I  I  da  ~  da  2 

dN  dN  c 


0.03AK2 
da  2 
dN 


(5) 
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A1 

da 

dN 


AK 


~  4EY 
aN  c 


(6) 


tdiere^is  the  total  number  of  cycles  of  plastic  strain,  and  IT  the  number  of 
cycles  of  large  plastic  strains  located  within  the  intensely  strained  near  tip 
region. (29)  Estimates  obtained  in  this  way,  assuming  either  Yc  =  Y  and  Yc  =  2Y, 
are  listed  in  Table  3  for  3  different  materials.  The  relative  invariance  of  the 
calculated  values  of 7")  and  '  is  an  indication  that  crack  growth  rates  are 

scaled  to  the  dimensions  of  the  plastic  zone.  A  crude  estimate  of  the  total 


30 


Plastic  zone 


r 


; 

I 


\ 

I 

I 

« 

i 

i 


!  i 
:  ! 


a> 

c 


a> 

o  •>, 

§*g 

s 

-§  >»T) 

Jo  u 
*=  a-c 

gw  u 


Ol  '-5  a> 

V 


^  o 


D 

O 

c 

o 

o 


C  O* 

o  .E 


*D  T> 
CM  q,)  0) 

O  fj 


=  »  b 
°o2 
C7> 

8  S  52| 
P-  g  -e  £> 

3  C  -C  >v 
in  UJ  i  -D 


! 


!  ! 


!  i 

;i 


31 


FIGURE  12.  SCHEMATIC  OF  MONOTONICALLY  LOADED  CRACK  TIP  PLASTIC  ZONE:  (a)  plastic  enclave  identifying 
dimensions,  (b)  slip  line  field  pattern  and  (c)  near  tip,  high  strain  contours  * 


TABLE  3.  ESTIMATES  OF  T)  AND  “TV,  THE  NUMBERS  OF  PLASTIC  STRAIN  CYCLES  AND  P, 
THE  RATIO  OF  CRACK  GROWTH  PER  CYCLE  TO  CRACK-OPENING  DISPLACEMENT 


CD. 


CO  <t  in  M3 

I  I  I  I 


o  o  o  o 


<o  <t  tri  vo 

i  i  i  i 

o  o  o  o 


cO'd'invor-'- 

i  i  i  i  ■ 


o  o  o  o  o 


32 


accumulated  plastic  strain  can  also  be  derived:  2A€p  TV  ~  7+.  This  suggests 
that  the  flow  stress  for  deformation  near  the  crack  tip  could  be  raised  sub¬ 
stantially  by  strain  hardening,  and  for  this  reason,  estimates  are  also  given 
in  Table  3  for  Y£  =  2Y. 

Equations  1-4  are  used  in  Appendix  B  to  derive  simplified  expressions  of 
the  growth  rates  implied  by  the  two  mechanisms  of  crack  advance  that  have 
currency: 

(32-34) 

(1)  Irreversible  Plastic  Blunting  (Kinematic  Irreversibility)  _ 

The  crack  advances  because  the  deformation  attending  the  unloading 
part  of  the  cycle  is  not  an  exact  reversal  of  the  deformation  that 
blunts  the  crack  during  loading: 


(22  31) 

•'/)  Damage  Accumulation  *  .  The  actual  rupture  of  regions  damaged 

by  the  succession  of  plastic  strain  cycles  experienced  by  material 
in  front  of  the  crack: 


DAMAGE  ACCUMULATION 
Large  Strains: 


da 

dN 


AC, 


4B2EY 


AK 


(8) 


Small  Strains: 


t Y) '  ~  5  for  —  =  10  and  Y  =  Yc,  and  Ae  ,  the  weighced  average  strain  range 
close  to  the  crack  tip  corresponds  to  tne  average  strain  in  the  monotoni- 
cally  loaded  zone  at  distances  smaller  than  the  COD  and  is  ~  0.7(29), 
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d  & 

The  quantity  0  =  —/COD  £s  the  efficiency  of  the  blunting  process,  B  is  a  mea¬ 
sure  of  ductility,  and  Aep,  the  weighted  average  plastic  strain  range  per  cycle. 
These  expressions  are  similar  to  the  empirical  growth  rate  law  obeyed  by  a  wide 
range  of  alloys  in  Regime  No.  1  (see  Appendix  A  and  Tables  4  and  A-i) : 


where  A'  ~  8.  The  experiments 
nisms  critically: 


_  A,  (AKf 
dN  ~  \  E  J 


(10) 


thus  provide  a  way  of  examining  the  two  mecha- 


a.  Stress  Intensity  Dependence.  Both  mechanisms  can  account  for  the 
experimentally  observed  stress  intensity  exponent:  m  2,  which 
applies  to  both  the  microscopic  growth  rate  and  the  striation 
spacing  in  Regime  No.  1.  (See  results  of  Broek(21)  on  7075-T6 
and  Miller(26)  on  4340  and  18  Ni-Maraging  Steel  in  Table  A-l. 


b.  Absence  of  a  Yield  Strength  Dependence.  Tables  4  and  A-l  illus¬ 
trate  that  crack  growth  rates  in  Regime  No.  1  are  independent  of 
the  yield  stress  level  for  a  wide  range  of  materials .  At  first 
glance  this  result  appears  to  favor  the  "small  strain"  damage 
accumulation  argument  since  the  other  two  treatments  predict  a 
dependence  on  Yc  (Equations  7  and  8) .  However,  Yc  is  not  the 
ordinary  yield  stress  but  the  cyclic  yield  or  flow  stress.  Evi¬ 
dence  is  presented  in  Appendix  C  that  the  COD  is  most  strongly 
influenced  by  the  value  of  flow  stress  appropriate  for  the 
heavily  strained  material  close  to  the  crack  tip.  Since  the  rate 
of  strain  hardening  varies  inversely  with  strength  level,  it  is 
possible  that  the  cyclic  flow  stress  at  high  strains  approaches  a 
common  level,  e.g.,  Yc  ~  .Xp  for  all  materials.  By  way  of  this 
argument,  which  was  suggested  by  Laird(47)>  the  absence  of  a 
yield  stress  dependence  can  be  rationalized  with  either  mechanism 
(see  Equations  7A  and  8A)  . 


c . 


Modulus  Dependence.  Table  4  illustrates  that  when  the  resistance 
cyclic  crack  growth  is  normalized  with  respect  to  modulus  in 


AK  I 

Regime  1,  the  -5-1  _s  values  are  nearly  the  same  irrespective  of 
10  (15) 

alloy  system.  This  feature,  noted  earlier  by  Bates  and  Clark 

is  consistent  with  both  mechanisms  provided  Yc  is  a  fixed 
fraction  of  E  (see  Equations  7A  and  8A) . 


d.  Absence  of  a  Ductility  Effect.  Table  4  shows  that  steels  known 
to  possess  different  levels  of  ductility  still  display  the  same 
resistance  to  crack  growth.  This  seems  to  be  inconsistent  with 
the  damage  accumulation  mechanism.  However,  it  can  also  be 
argued  here  that  the  ductility  in  question  is  not  the  ordinary 
smooth  bar  value,  but  the  value  for  a  highly  localized  region 
under  a  complex  state  of  stress,  and  this  could  be  relatively 
invariant . 
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70-30  Brass  18  14  0.9  -  McEvily,  et  al 

70-30  Brass  92  14  0.9  -  " 


e .  Efficiency  of  the  Blunting  and  Damage  Accumulation  Mechanisms. 
Relatively  little  is  known  about  the  efficiency  (degree  of  irre¬ 
versibility)  of  the  blunting  process.  A  value  of  0  «  0.15  can 

be  deduced  directly  in  one  case — from  photographs  of  a  relatively 
short,  highly  strained  crack  in  a  polyethylene  sheet  published  by 
McEvily  and  co-workers (49) — which  define  both  the  COD  and  da  . 

This  value  is  reasonably  close  to  the  0 -values  calculated 
for  three  alloys  in  Table  3  for  Yc  =  Y.  The  higher  value,  Y  =  2Y, 
associated  with  the  heavily  strained  hardened  region,  implies  a 
greater  efficiency,  e.g.,  0  =  0.3-0. 4.  Such  an  efficiency  may 
well  be  unrealistic,  but  this  is  not  significant  since  the  calcu¬ 
lations  of  COD  could  well  be  in  error  by  a  factor  of  2.  Viewed 
in  this  light  there  is  reasonably  good  agreement  between  the 
absolute  prediction  of  the  blunting  mechanism  and  experiment 
(between  Equations  7A  and  10)  .  By  the  same  token,  the  predic¬ 
tions  derived  from  the  "large  strain"  damage  accumulation  treat¬ 
ment,  Equation  8A,  are  also  reasonable,  although  the  values  of 
Aep  and  B  are  at  present  very  poorly  defined.  While  the  "small 
strain"  damage  accumulation  treatment  is  least  satisfactory  for 
plane  strain,  it  is  roughly  in  accord  with  the  results  for  the 
steel  foil  as  pointed  out  in  a  preceding  section. 

f.  Transient  Crack  Growth  Rates .  The  damage  accumulation  mechanism 
implies  that  the  material  in  front  of  a  crack  is  conditioned  by 
a  number  of  plastic  strain  cycles.  Consequently,  the  crack  ad¬ 
vance  per  cycle  at  a  given  AK  should  increase  gradually  and  only 
approach  the  steady  state  value  after  some  number  of  stress 
cycles.  Similar  transients  should  be  observed  whenever  AK  is 
increased  abruptly;  a  gradually  decreasing  rate  when  Ak  is 
abruptly  reduced.  This  expectation  is  not  confirmed  by  photo¬ 
graphs  of  the  striations  produced  by  programmed  loads  that  have 
been  published  by  McMillan  and  Pelloux(50)  and  Christensen  and 
Harmon^-*!)  which  show  no  signs  of  transients.  This  probably  is 
the  strongest  argument  against  the  damage  accumulation  mechanism. 

To  the  extent  that  strain  accumulation  from  successive  cycles 
contributes  to  the  value  of  Yc,  transients  having  the  opposite 
character  should  be  associated  with  the  blunting  mechanism. 

While  the  striations  mentioned  above  provide  no  clear-cut  evi¬ 
dence  of  such  transients  either,  the  experiments  of  Hardrath(^2) 
do  show  that  a  high  pre-stress  can  retard  the  crack  growth  rate, 
and  this  is  consistent  with  the  expectation  for  blunting. 

(231 

g.  Environmental  Effects.  The  results  of  Barsom  on  12Ni-5Cr~3Mo 
and  Wei  and  Landes (27)  on  7075-T651  in  Table  A-l  show  that  cer¬ 
tain  "aggressive"  environments  greatly  enhance  the  crack  growth 
rate  in  Regime  No.  1.  This  effect  is  difficult  to  understand  in 
terms  of  the  environments’  effect  on  the  flow  stress  and  blunting 
and  easier  to  rationalize  in  terms  of  rupture,  and  thus,  damage 
accumulation. 

Regime  No .  1 .  The  preceding  paragraphs  show  that  the  main  features  of  the 
low  stress-high  cycle  portion  of  the  growth  rate  spectrum  can  be  explained 
either  in  terms  of  the  plastic  blunting  or  the  damage  accumulation  mechanism. 
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While  neither  mechanism  is  entirely  satisfactory,  irreversible  blunting  seems 
to  be  consistent  with  more  observations  at  the  present  time. 

Regime  No .  2 .  The  mechanism  of  growth  in  Regime  No.  2,  the  high  stress  - 
low  cycle  range  is  not  well  defined.  A  possible  clue  is  the  observation  that 
macroscopic  (or  average)  crack  advance  per  cycle  exceeds  the  striatior. 
spacing(^.2]  ,26)  .  This  can  begin  to  occur  when  brittle  particles  or  c*-her 
weak  interfaces  well  in  advance  of  the  main  crack  front  come  under  the  in¬ 
fluence  of  the  plastic  zone  and  rupture.  These  ruptures  not  only  contribute 
to  the  crack  advance  per  cycle,  but  may  be  sources  of  secondary  fatigue  cracks 
as  suggested  by  the  work  of  Erhardt  and  Grar.t^3)  _  Thus  the  same  mechanism 
operating  in  Regime  No.  1  when  augmented  by  an  increasing  length  of  active 
crack  front  (making  A  a  stress  dependent,  term)  can  account  for  (1)  higher 
growth  rates,  (2)  a  greater  stress  dependence  and  (3)  the  discrepancy  be¬ 
tween  growth  rate  and  striation  spacing  (see  Figure  13).  Accordingly,  AK^_2: 
the  stress  intensity  range  at  the  transition  iron  Regime  No.  1  to  Regime  No.  2 
should  depend  on  the  spacing  and  properties  of  specific  microscructural 
features  which  may  vary  from  alloy  to  a.’ loy  and  heat  to  heat.  Consistent  with 
this,  the  AKj_2*values  listed  in  Tables  4  and  A-l  ere  not  constant  and  do  not 
seem  to  correlate  with  yield  strength.  At  higher  stress  intensity  levels,  the 
approach  to  general  yielding  and  transition  from  plane  strain  to  plane  stress 
may  also  accelerate  the  crack  growth  rate . 


This  admittedly  tentative  picture  could  have  important  implications  with 
respect  to  the  metallurgical  factors  and  alloy  development.  To  the  extent  that 
environmental  effects  are  not  involved,  neither  Equation  10  nor  the  compilation 
of  AK'  values  shows  any  systematic  effects  of  composition,  microstructure,  or 
the  usual  thermal -mechanical  treatments.  It  i~-  true  that  metallurgical  con¬ 
tributions  amounting  to  ~  ±  20%  of  AK^q-s  (corresponding  with  ~  50%  change  in 
total  life)  could  be  obscured  by  the  scatter  cf  the  data.  Beyond  this,  the 
prospects  of  improving  crack  growth  resistance  n  Regime  No.  1  by  the  usual 
techniques  do  not  seem  bright.  It  is  possible  .iiat  large  improvements  could 
be  realized  by  metallurgical  changes  that  are  designed  to  eliminate  suscepti¬ 
bility  to  aggressive  environments.  Speciu*.  microstructures,  such  as  composites 
with  interfaces  normal  to  the  crack  front  that  delaminate  preterentially,  may 
offer  advantages.  The  micrographs  in  this  report  contain  some  evidence  that 
fatigue  cracks  are  impeded  by  grain  boundaries,  but  it  is  not  clear  whether 
enough  boundaries  can  be  introduced  to  affect  the  average  crack  growth  incre¬ 
ment  significantly^^)  . 

In  contrast,  the  behavior  in  Regime  No.  2,  especially  the  value  of  AK^_2» 
could  be  quite  sensitive  to  the  microstructure,  to  the  strength  and  spacing 
of  hard  particles  and  to  other  metallurgical  factors  if  the  explanation  offered 
here  is  correct.  Furthermore,  significant  improvements  in  total  life  can  be 
achieved  simply  by  increasing  AK^_2  and  postponing  the  higher  growth  rates 
generated  in  Regime  No.  2.  To  test  this  possibility,  it  would  be  useful  to 
compare  AK^_£ -values  obtained  for  a  single  phase  alloy  with  modifications 
involving  different  distributions  and  morphologies  of  hard  particles. 
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FIGURE  13.  SIMPLIFIED  SCHEMATIC  REPRESENTATION  OF  THE  ORIGIN  OT  REGIMES  NO.  1  AND  NO 


CONCLUSIONS 


1.  The  interferometric  technique  applied  to  the  steel  foil  and  the  etching 
technique  for  Fe-3Si  can  provide  useful  insights  to  the  size  of  the  fatigue 
crack  plastic  zone  and  the  strain  distribution  within  it.  Preliminary 
results  show  that  the  cyclic  loaded  zone  in  the  foil  (plane  stress)  and  in 
the  Fe-3Si  plate  (plane  strain)  are  essentially  the  same  size  as  the  corre¬ 
sponding  "monotonic"  zones .  This  result  suggests  that  the  cyclic  flow 
stress  at  small  strains  is  roughly  1/2  of  the  ordinary  tensile  yield  stress 
consistent  with  the  Bauschinger  effect. 

2.  The  observed  similarities  in  the  size,  shape  and  strain  distribution  within 
the  cyclic  and  monotonic  zones  lend  support  to  the  practice  of  adapting 
functional  relations  for  the  monotonic  case  to  the  fatigue  problem.  Esti¬ 
mates  of  the  monctonic  zone  size  and  crack-tip  displacement  indicate  that 
the  material  in  front  of  a  fatigue  crack  is  subjected  to  about  50-150 
cycles  of  reverse  plastic  deformation,  of  which  about  2-7  cycles  involve 
the  large  plastic  strains  experienced  within  the  intensely  deformed  near- 
Li  p  regior  The  crack  advance  per  cycle  is  estimated  to  be  10-50%  of  the 
crack  opening  displacement . 

3.  The  compilation  of  cyclic  crack  growth-rate  measurements  for  steels, 
aluminum  alloys  and  a  titanium  alloy  provides  evidence  for  2  growth-rate 
regimes.  Regime  No.  1  involves  the  low  stress  intensity  values  and  low 
growth  rates  usually  <  10 in.  per  cycle  which  correspond  with  the 
striation  spacing,  and  a  stress  exponent  m  2 .  Regime  No.  2  is  the  high 
stress-high  growth  rate  portion  of  the  spectrum  usually  >  10-5  in.  per 
cycle  and  a  larger  stress  exponent,  m  4. 


The  cyclic  crack  growth  resistance  in  Regime  No.  1  is  roughly  proportional 
to  the  elastic  modulus  but  relatively  insensitive  to  yield  strength,  com¬ 
position  and  ductility.  Growth  rate  measurements  on  s  variety  of  steels, 
aluminum  alloys  and  Ti-6A1-4V  can  be  approximated  by  the  expression 

r;  8  fyl  ,  where  E  is  the  modulus.  While  neither  the  blunting  or 
damage  kccdmulation  mechanisms  easily  account  for  all  of  the  features  of 
Regime  No.  1,  more  of  the  existing  observations  can  be  rationalized  by 
blunting  . 


5 .  Some  of  the  features  of  Regime  No .  2  can  be  explained  by  the  mechanism 
responsible  for  Regime  No.  1  together  with  the  idea  that  crack  growth  is 
further  enhanced  by  an  increasing  length  of  active  crack  f_ont.  This  is 
thought  to  occur  when  the  plastic  zone  is  large  enough  to  produce  cracks 
at  hard  particles  and  other  weak  interfaces  ahead  of  the  main  crack  front 
which  then  also  extend  by  cyclic  growth  and  connect  with  the  main  crack. 
Accordingly,  improvements  in  fatigue  life  could  be  realized  by  postponing 
the  transition  from  Regime  No.  1  to  No.  2,  and  this  may  be  related  to 
metallurgical  factors . 
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II 


APPENDIX  A — Compilation  of  Cyclic  Crack-Growth  Rate  Measurements 


Noticeable  departures  from  a  simple  exponential  crack  growth  relation 
j—  =  A(AK)m  were  noted  by  Liu^-^  as  early  as  1964.  In  the  interim,  most 
workers  have  tended  to  gloss  over  irregularities  and  have  attributed  a  single 
mechanism,  m  ~  4  to  the  entire  growth  rate  spectrum(56) .  However,  the  recent 
work  of  Bates  and  Clark^S)^  Barsom,  et  al.(24)  and  measurements  of  the  stress 
dependence  of  the  striation  spacing (15, 2 1,26)  offer  good  evidence  for  two 
regimes  of  the  behavior: 


Regime  No .  1 .  This  is  the  low  stress -low  growth  rate  portion 
of  the  spectrum,  e.g-,  usually  less  than  10 "4  in.  per  cycle,  where 
the  macroscopic  growth  rate  coincides  with  the  striation 
spacing (15, 21, 26; .  As  shown  in  Tables  A-l  and  4,  growth  rates  for 
a  wide  range  of  alloys  are  approximately  described  by  the  following 
empirical  expression: 


Regime  No.  2.  This  is  the  high  stress -high  growth  rate 
position  of  the  spectrum,  e.g.,  usually  more  than  10 ”5  in.  per 
cycle.  In  this  range  growth  rates  tend  to  exceed  the  striation 
spacing  and  displays  a  greater  stress  sensitivity,  e.g.,  m>  4. 


These  two  regimes  are  shown  schematically  in  Figure  A-l  which  also 
defines  the  symbols  used  here  to  characterize  the  two  regimes  and  the  tran¬ 
sition.  The  compilation  of  crack  growth  rate  measurements  in  Table  A-l  repre¬ 
sents  a  conscious  effort  to  identify  two  types  of  behavior  and  to  assign  them 
to  Regimes  No.  1  and  No.  2  on  the  basis  of  the  exponent.  In  some  cases, 
neither  a  clear-cut  change  in  behavior  nor  a  characteristic  m  could  be  de¬ 
tected,  and  the  Regime  assignment  is  arbitrary.  The  compilation  is  mainly  for 
growth  rate  measurements  in  air,  with  R  ~  0,  but  Barsom's(23)  measurements  for 
12Ni-5Cr-3Mo  Steel  in  NaCl  and  Wei  and  Landes (27)  results  for  7075-T651  in 
Argon  and  H2O  are  included  to  illustrate  the  potency  of  "aggressive” 
environments . 

It  should  be  noted  that  when  the  coefficient  A  is  evaluated  empiri¬ 
cally,  it  involves  the  exponent  m:  A  =  AK/°  (where  is  the  growth 

rate  corresponding  to  AK^) .  Since  m  is  frequently  not  known  with  precision, 
uncertainties  in  m  are  magnified  in  A  even  where  AK^  is  established  accurately. 
For  this  reason  AK^  is  a  more  reliable  index  of  performance  than  A,  and  AKf  and 
m  (rather  than  A  and  m)  are  used  here  to  characterize  the  growth  rates  and  for 
purposes  of  comparison. 
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SUMMARY  OF  CYCLIC  CRACK  GROWTH  DATA  (CONTINUED) 
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(a)  ' Values  quoted  represent  l U  the  value  reported  because 

(b)  Basod  on  strlation  spacing 


APPENDIX  5 — Simplified  Formulations  of  the  Cyclic  Crack  Growth  Mechanisms 


A.  Irreversible  Plastic  Blunting.  This  process  can  be  formulated  appro::i- 

mately  by  noting  that  the  crack  advance  per  cycle  will  be  a  fraction  P  of 
the  (Equation  4B) : 


da  q  rnn  A  Ml 
dN  "  S3'C0D~P*  4EF 


(B-l) 


where  f3,  the  efficiency  (or  degree  of  irreversibility)  of  the  blunting  process 
is  regarded  as  constant  to  a  first  approximation. 

B.  Damage  Accumulation.  This  mechanism  is  described  in  essentially  the 
same  way  as  proposed  by  Lehr  and  Liu^l)  by  combining  Equations  5  and  6  with 
the  Manson-Coffin  fatigue  damaged  law(35,36,47) . 


(B-2) 


where  Aep  is  regarded  as  the  weighted  average  plastic  strain  range  and  B  the 
fracture  strain  for  monotonic  loading:  This  gives  two  results: 


small  strain 


da 

dN 


0.03Aep  AK2 

2  2 
4BZY 

c 


(B-3) 


large  strain 


da 

dN 


—  2  2 
Aep  AK 

4B2EY 


(B-4) 


—  2 

In  the  first,  Aep  is  the  strain  range  averaged  over  all  cycles,  which  ' 

—  Yq 

and  Liu  estimate  as  Aep  «  4  *g*  and  is  consequently  a  'relatively  small  strain, 
e.g.,  Aep«0.02.  In  the  second,  onljr^the  number  of  cycles  involving  large 


strains  is  considered  and  Ae_~  0.5(29)  . 
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APPENDIX  C--Augmented  Dugdale  Model 


At  the  tip  of  a  fatigue  crack  there  exists  a  very  heavily  strained  region 
where  Y  ,  the  cyclic  yield  stress,  may  be  greatly  in  excess  of  Y,  the  yield 
stress  for  ordinary  monotonic  loading.  Simultaneously,  Yc  may  be  less  than  Y 
in  the  remaining,  lightly  strained  region  of  the  plastic  zone  as  a  result  of 
the  Bauschinger  effect .  A  model  of  this  behavior  is  given  in  Figure  C-l . 

Figure  C-la  shows  the  Dugdale  Model  with  the  tips  of  the  crack  being  pressed 
together  by  a  traction  denoted  S.  The  region  -a<x<a  represents  the  crack, 
a<x<a  +  p  the  plastic  zone.  Usually  S  is  set  equal  to  a  constant  yield  stress 
as  in  Figure  C-lb.  For  the  case  of  the  fatigue  crack,  the  distribution  shown 
in  Figure  C-lc  is  post  -»d. 

The  two  Yc-levels  represent  the  small  heavily  strained  region  where 
Yc  =  5Y  and  the  lightly  strained  region  where  Yc  =  0.63Y.  According  to  the 
calculation,  which  was  made  by  methods  outlined  in  References  (57)  and  (58) , 

COD  (Case  2)  =  1/5  COD  (Case  1),  when  p^  =  p2>  P2^Pa  =  5.5  and  I.  =  0.25,  where 

T  is  the  nominal  applied  stress.  Thus,  there  is  a  large  difference  in  COD  even 
though  the  plastic  zones  are  the  same  size.  Also  the  COD  for  the  fatigue  crack 
model  is  comparable  to  a  much  stronger  material  even  though  the  heavily 
strained  region  occupies  a  small  part  of  the  total  plastic  zone.  The  model 
illustrates  that  the  COD  is  strongly  influenced  by  the  value  of  Y  appropriate 
for  material  closest  to  the  crack  tip. 
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c.  Case  2-Model  of  Flow  Stress  Distribution 
for  Fatigue  Crack 


FIGURE  C-l.  AUGMENTED  DUGDALE  CRACK  MODEL 
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